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SPAK kinase reduces body weight gain in mice fed a high-fat diet by
improving energy expenditure and insulin sensitivity. Am J Physiol
Endocrinol Metab 314: ES3-E65, 2018. First published October 24,
2017; doi:10.1152/ajpendo.00108.2017.—The STE20/SPS1-related
proline-alanine-rich protein kinase (SPAK) controls the activity of the
electroneutral cation-chloride cotransporters (SLC12 family) and thus
physiological processes such as modulation of cell volume, intracel-
lular chloride concentration [Cl™];, and transepithelial salt transport.
Modulation of SPAK kinase activity may have an impact on hyper-
tension and obesity, as STK39, the gene encoding SPAK, has been
suggested as a hypertension and obesity susceptibility gene. In fact,
the absence of SPAK activity in mice in which the activating threo-
nine in the T loop was substituted by alanine (SPAK-KI mice) is
associated with decreased blood pressure; however its consequences
in metabolism have not been explored. Here, we fed wild-type and
homozygous SPAK-KI mice a high-fat diet for 17 wk to evaluate
weight gain, circulating substrates and hormones, energy expenditure,
glucose tolerance, and insulin sensitivity. SPAK-KI mice exhibit
resistance to HFD-induced obesity and hepatic steatosis associated
with increased energy expenditure, higher thermogenic activity in
brown adipose tissue, increased mitochondrial activity in skeletal
muscle, and reduced white adipose tissue hypertrophy mediated by
augmented whole body insulin sensitivity and glucose tolerance. Our
data reveal a previously unrecognized role for the SPAK kinase in the
regulation of energy balance, thermogenesis, and insulin sensitivity,
suggesting that this kinase could be a new drug target for the treatment
of obesity and the metabolic syndrome.
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INTRODUCTION

Obesity is a worldwide health problem that contributes to the
development of many metabolic chronic diseases. Among
them, insulin resistance, hepatic steatosis, hyperlipidemia, and
hypertension are the main causes of morbi-mortality leading in
the development of type 2 diabetes and cardiovascular diseases
(39). Several studies have demonstrated the gradual appear-
ance of hypertension with the increase in the body mass index
(49). In these subjects, there is an increase in body fat, leading
to adipocyte hypertrophy, which is associated with a change in
the secretion of free fatty acids (FFA) and adipokines, many of
them involved in the regulation of insulin sensitivity, lipid
metabolism, and blood pressure regulation (48).

In a study using an integrated approach of comparative
genomics between humans and pigs, in which 8,842 individu-
als from South Korea between 40 and 69 yr were studied, Kim
et al. (23) reported that STK39 affected hypertension and
obesity traits, suggesting that STK39 could be both a hyper-
tension and obesity susceptibility gene (50). The STK39 gene is
located in chromosome 2 and codifies for the STE20/SPS1-
related proline-alanine-rich protein kinase (SPAK) (15). In
addition, in a previous study, the SK739 gene was also sug-
gested as a susceptibility gene for the development of hyper-
tension (52).

SPAK is a member of the germinal center kinase superfam-
ily of serine/threonine kinases that is a major target of the
upstream “with-no-lysine kinases” (WNK1-WNK4) (47) and,
therefore, directly responsible for the phosphorylation of WNK
targets, among which the most well known are the members
of the electroneutral cation chloride-coupled cotransporters
from the SLC12 family of solute carriers (17, 20).

The SLC12 family of cotransporters is divided into two
branches: the Na™ coupled to chloride branch that includes,
Na*-Cl~ cotransporter (NCC) and two isoforms of the Na™-
K*-2Cl1~ cotransporter, NKCC1 and NKCC2, and the K*-
coupled to chloride branch that comprises four isoforms of the
K*-C1~ cotransporters, KCC1 to KCC4 (5, 17). The coordi-
nated activity of the SLC12 members culminates in a move-
ment of ions inside or outside the cell in an electroneutral
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fashion and thus is important for a diversity of physiological
processes, including modulation of cell volume, intracellular
chloride concentration [CI ™ ];, and transepithelial salt transport.

WNKSs activate SPAK by promoting its phosphorylation in
the threonine 243 at the T loop in mice, resulting in phosphor-
ylation of the SLCI12 cotransporters. SPAK knockin (SPAK-
KI) mice carry a substitution of threonine 243 per alanine,
and thus, SPAK kinase is expressed but not functional (37).
Consistent with the role of SPAK in blood pressure modu-
lation, SPAK-KI mice feature a salt loosing nephropathy
phenotype with arterial hypotension that corrects with salt
administration (37).

Recent evidence has shown that SPAK is expressed beside
the kidney in white adipose tissue. Interestingly, a global
phosphoproteomic analysis of white adipose tissue from mice
fed a low-fat or a high-fat diet (HFD) identified differential
phosphorylation levels in 282 phosphosites from 191 proteins,
including SPAK (6). Given that our laboratory has studied the
SPAK-KI mice, due to our interest in hypertension (9), the aim
of the present work was to further characterize the role of
SPAK in obesity by exposing these mice to a HFD and
evaluating body composition, adiposity, hepatic lipid content,
energy expenditure, glucose tolerance, and insulin sensitivity.

MATERIALS AND METHODS

Animals. SPAK-KI mice were generated and maintained on an
inbred C57BL/6J background, as previously described (37). To gen-
erate diet-induced obesity in mice, 10-wk-old male SPAK-KI mice
and their wild-type C57BL/6] littermates were housed individually
under controlled temperature (23 = 2°C) with a 12:12-h light-dark
cycle and constant humidity and fed a purified-ingredient high-fat diet
(HFD; 45% kcal fat) or a purified-ingredient control diet (12% kcal
fat), as previously described (26). All mice were given free access to
diet and water for 17 wk according to standard procedures (36). Body
weight was measured weekly. Individual average food intake was
calculated by measuring food intake every other day along the study
(in g). We then obtained the average consumption of daily food intake
throughout the 17 wk of the study. Energy intake was estimated by
multiplying food intake (g) per energy density of the control or HFD
(3.87 or 4.68 kcal/g, respectively). At the end of the study, mice were
food deprived for 6 h and euthanized by overdose of isofluorane.
White and brown adipose tissues, liver, pancreas, soleus, and gastroc-
nemius skeletal muscles were rapidly excised, frozen in liquid nitro-
gen, and stored at —70°C. Blood was obtained from the posterior vena
cava using a 1-ml syringe. Serum was separated by centrifugation for
10 min at 1,800 g at 4°C.

To evaluate insulin sensitivity, wild-type and SPAK-KI mice fed a
control diet were food deprived for 6 h and received 1 IU/kg of insulin
(Humulin R; Eli Lilly) or saline intraperitoneally. After 20 min, liver,
skeletal muscle, and retroperitoneal adipose tissue were collected and
stored as previously mentioned above. All animal procedures were
conducted in accordance with National Institutes of Health Guidelines
(NIH) for the Care and Use of Animals and approved by the Animal
Ethics Research Committee of the Instituto Nacional de Ciencias
Médicas y Nutricién Salvador Zubiran.

Body composition and indirect calorimetry measurement. Body
composition (lean and fat mass) was evaluated at week 14 on their
corresponding diet using magnetic resonance (EchoMRI; Echo Med-
ical Systems, Houston, TX). According to the manufacturers of the
EchoMRI system, the lean mass is a muscle tissue mass equivalent to
all of the body parts containing water, excluding fat, bone minerals,
and such substances that do not contribute to the NMR signal, such as
hair, claws, etc. Therefore, most of the total water is already included
in lean mass and so counted twice in the sum of fat, lean, and total
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water. Energy expenditure analysis was assessed by indirect calorim-
etry using the Oxymax CLAMS system (Comprehensive Laboratory
Animal Monitoring System, Columbus, OH). After 15 wk on their
corresponding diet, mice were acclimatized for 24 h before data
collection. Mice were food deprived for 6 h for fasting recordings and
then feeding with their corresponding diets for the next 18 h. Oxygen
consumption and CO, production were continuously measured
throughout the test. Respiratory exchange ratio (RER) was calculated
as the volume of CO, exhaled (Vcoz; mlkg™"-h™") divided by the
volume of O, inhaled (Voz; ml-kg~"-h™1).

Glucose metabolism studies. Intraperitoneal glucose tolerance test
(IPGTT) and insulin tolerance test (ITT) were performed in 22-wk-old
mice after 12 or 13 wk on their corresponding diet, as previously
described (38). Blood glucose levels were measured with a portable
blood glucose meter (ACCU-CHEK; Roche Diagnostics, Indianapo-
lis, IN). The homeostasis model assessment index of insulin resistance
(HOMA-IR) was determined using the following formula: [insulin
(mU/1) X glucose (mmol/1)/22.5] (29). To determine plasma insulin
concentration, blood samples were obtained at time 0, 15, and 30 min
during IPGTT in wild-type and SPAK-KI mice fed a control diet.

Biochemical and hormonal variables. Plasma cholesterol and tri-
glyceride concentrations were determined using an automated clinical
chemistry analyzer (cobas ¢ 111; Roche). Plasma insulin and leptin
were measured by ELISA (EMD Millipore, Darmstadt, Germany).
Plasma free fatty acids (FFA) concentration was assayed with a Roche
FFA kit (Roche), and plasma free glycerol was determined with a
colorimetric assay (Sigma, St. Louis, MO).

Histological, immunofluorescent, and immunohistochemical
analyses. Paraffin-embedded, dewaxed 4-pum sections of brown adi-
pose tissue (BAT), white adipose tissue (WAT), and liver were
stained with hematoxylin and eosin (H & E) using standard protocols.
For uncoupling protein 1 (UCP1) immunofluorescence analysis, par-
affin-embedded BAT samples were cut at 4 wm, deparaffinized, and
rehydrated. Slides were incubated for 20 min at 90°C in sodium citrate
buffer for epitope retrieval, and sections were permeabilized with
0.1% Triton X-100 in PBS blocked with 10% rabbit serum, followed
by incubation with the primary antibody against UCP1 (ab23841;
Abcam, Cambridge, MA). Sections were washed for 3 X 5 min in
PBS and incubated with Alexa Fluor 488 goat anti-rabbit IgG (Mo-
lecular Probes by Life Technologies). All incubations were performed
at room temperature for 60 min. The sections were rinsed for 3 X 5
min in PBS and coverslips mounted with Prolong Gold antifade
reagent with DAPI (Molecular Probes). The staining was visualized
with a Leica fluorescent microscopy system. Relative quantification
was performed using ImageJ Software, as described (4). Data were
expressed as fluorescence intensity in arbitrary units. Immunohisto-
chemistry of chromogranin A (CgA) in pancreas was determined by
incubation with biotinylated primary CgA (ab15160; Abcam) anti-
body according to the avidin-biotin complex method (21). Negative
control staining was performed with normal donkey serum diluted
1:100 instead of primary antibody. To visualize neutral lipids, frozen
liver and skeletal muscle sections (8 wm) were stained with Oil Red
O (ORO; Sigma) and counterstained with hematoxylin. To evaluate
mitochondrial activity in skeletal muscle, we performed a succinate
dehydrogenase (SDH) histochemical assay, as previously described
(26). The densitometric quantitation of SDH, ORO staining, and
morphometric analysis of islet areas was performed using the ImagelJ
software (NIH), as described previously (26, 31, 44). The number and
size of adipocytes in histological sections were quantified using the
Adiposoft software, as described (16).

RNA extraction and mRNA quantitation. Total RNA from BAT was
extracted with TRIzol reagent (Invitrogen; Thermo Fisher Scien-
tific, Waltham, MA) and retrotranscribed using oligo(dT) 12-18
and M-MLYV reverse transcriptase (Invitrogen). UCP1 and perox-
isome proliferator-activated receptor (PPAR)-y coactivator-1
(PGC-1) mRNA abundance was quantified using SybrGreen master
mix in a LightCycler 480 Instrument (Roche). Samples were run in
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triplicate, and data were analyzed by the second derivate maximum
method. Target gene expression levels were normalized to hypoxan-
thine phosphoribosyltransferase mRNA abundance, as internal invari-
ant control.

INSIE cell culture. INSIE cells were cultured in RPMI 1640
medium supplemented with 10% fetal calf serum, 1 mM sodium
pyruvate, 50 uM 2-mercaptoethanol, 2 mM glutamine, 10 mM
HEPES, 100 U/ml penicillin, and 100 pg/ml streptomycin. INS1E
cells were seeded on 24-well plates and after 48 h incubated with
hypotonic low-chloride buffer (HLC; 67.5 mM sodium gluconate, 2.5
mM potassium gluconate, 0.25 mM CaCl,, 0.25 mM MgCl,, 0.5 mM
Na,HPO,, 0.5 mM Na,SO,, and 7.5 mM HEPES, pH 7.5) for 1 h to
stimulate SPAK activity (32). To assess the effect of glucose on
SPAK phosphorylation, INS1E cells were incubated with Krebs-
Ringer bicarbonate buffer (135 mM NaCl, 3.6 mM KCl, 2 mM
NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgS04, 1.5 mM CaCl2, 10
mM HEPES, pH 7.4, and 0.1% bovine serum albumin) containing 2.5
or 25 mM glucose for 1 h. After incubation, cells were used for
protein extraction, as indicated below.

Protein extraction, SDS/PAGE, and immunoblotting. Frozen BAT,
liver, skeletal muscle, and cells were homogenized in ice-cold RIPA
buffer with protease inhibitor cocktail (Complete; Roche) and phos-
phatase inhibitor cocktail (PhosSTOP; Roche), as described (38).
Protein concentration was determined using the DC protein assay kit
(Bio-Rad Laboratories, Richmond, CA). Tissue lysates (20 pg) were
combined with Laemmli sample buffer and separated by SDS-PAGE.
After electrophoretic separation, the proteins were electrotransferred
to a PVDF membrane using a Trans-Blot SD Semi-Dry Electropho-
retic Transfer Cell, and membranes were blocked in TBS-Tween 20
(TBST) containing 5% nonfat dry milk for 1 h and incubated over-
night at 4°C with primary antibodies against UCP1 in BAT, Akt
(sc-8312; Santa Cruz Biotechnology), and phosphorylated Akt
(Ser*”3, 9018; Cell Signaling Technology) in liver and skeletal mus-
cle. The sheep antibodies anti-SPAK (total) and anti-SPAK phosphor-
ylated Thr?#* (Division of Signal Transduction Therapy of the Uni-
versity of Dundee) were used at a concentration of 1 pg/ml in
TBST containing 5% nonfat dry milk. The anti-sheep peroxidase-
conjugated antibody (Santa Cruz Biotechnology) was also diluted
in TBST with 5% nonfat dry, and membranes were incubated for
1.5 h at room temperature. Band detection was carried out using a
chemiluminescent Western blotting kit (Immobilon Western
Chemiluminescent HRP Substrate; Millipore). Digital images of the
membranes were obtained by a ChemiDoc MP densitometer and
processed using Image Laboratory software (Bio-Rad, Hercules, CA).
Results are reported relative to B-actin. A value of 1 was arbitrarily
assigned to the control samples, which were used as a reference for the
other conditions.

Statistical analysis. The results are presented as means = SE.
Parameters measured over time (weight gain, oxygen consumption,
RER, and glucose during IPGTT and ITT) were analyzed using
repeated-measures analysis of variance (ANOVA; genotype X diet X
time), followed by Bonferroni correction. Genotype and diet interac-
tions (SPAK-KI vs. wild-type and control vs. HED, respectively) were
analyzed using a two-way ANOVA, followed by a Bonferroni mul-
tiple comparison post hoc test. Immunoblot densitometry data analysis
involving three groups (wild-type + saline, wild-type + insulin and
SPAK-KI + insulin) was analyzed by one-way ANOVA, followed by
a Bonferroni multiple comparison post hoc test. Immunoblot densi-
tometry data analysis involving two groups (control vs. HFD or
wild-type vs. SPAK-KI) were performed using an unpaired Student’s
t-test. Statistical analysis was performed using GraphPad 6.0 (Graph-
Pad, San Diego, CA). The letters used in the graphs indicate statisti-
cally significant difference (P < 0.05) between marked groups, where
a>b>c.
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RESULTS

Weight gain in response to HFD is prevented in SPAK-KI
mice. Wild-type and SPAK-KI mice were fed either a control
diet or a HFD for 17 wk. At the beginning of the study, the
length and weight of the wild-type and SPAK-KI mice were
similar [length: 10.04 = 0.16 vs. 9.90 = 0.19 cm, P = not
significant (NS); weight: 29.73 = 0.91 vs. 2891 £ 1.05g, P =
NS]. As expected, mice fed a control diet gained 3—4 g during
the period of study regardless of the genotype (Fig. 1A).
Wild-type mice fed a HFD significantly increased body weight
with respect to mice fed a control diet. However, SPAK-KI
mice fed a HFD exhibited significantly lower body weight gain
than their wild-type littermates. At the end of the study period,
body weight in SPAK-KI fed a HFD was on average 5 g lower
than wild-type mice on the same diet (P < 0.01; Fig. 1B). To
determine whether the difference in body weight between
wild-type and SPAK-KI mice was due to differences in food
intake, we measured food consumption throughout the study.
Food intake (in g) was lower in both groups fed the HFD (Fig.
1C). However, because the HFD is more calorie dense than the
control diet, food intake expressed as kilocalories per day was
not different between groups (Fig. 1D). Fat mass was signifi-
cantly higher in both groups of mice on HFD than those fed the
control diet; however, SPAK-KI mice fed a HFD exhibited
lower fat mass than wild-type mice (Fig. 1E). As shown in Fig.
1, F and G, lean mass and body water content were signifi-
cantly lower in mice fed a HFD compared with those fed the
control diet, and no difference was found between genotypes
with either diet. Thus, the SPAK-KI mice fed the HFD accu-
mulated less fat mass than their wild-type littermates, without
significant change in food intake, leading to a lower body
weight gain.

SPAK-KI mice fed a HFD had lower circulating lipids and
reduced hepatic lipid accumulation. Plasma glucose was
higher in both groups fed a HFD, with no difference between
genotypes (Fig. 2A4). Cholesterol and triglycerides were also
higher in mice fed a HFD with respect to those fed the control
diet; however, these parameters were significantly lower in
SPAK-KI than in wild-type mice fed a HFD (Fig. 2, B and C).
Serum leptin was higher in mice fed a HFD than those fed a
control diet, but again, SPAK-KI showed a significant reduc-
tion in circulating leptin with respect to wild-type on the same
diet (Fig. 2D). One of the earliest alterations observed during
weight gain in response to a HFD is the development of hepatic
steatosis (51). Thus, we evaluated liver morphology and he-
patic lipid content. The liver histology of SPAK-KI mice fed a
control diet was identical to that of wild-type mice (Fig. 2E).
Wild-type mice on a HFD had macrovesicular steatosis in
>80% of their hepatocytes, whereas SPAK-KI mice showed a
morphology that was similar to both groups of mice on a
control diet. Quantification of ORO staining confirms that
SPAK-KI mice had lower hepatic steatosis than wild-type mice
fed a HFD (Fig. 2F). Interestingly, we observed for the first
time that SPAK is expressed in liver, and its content, surpris-
ingly, is increased when animals are fed a HFD (Fig. 2G).
These results suggest a potential role of this kinase in hepatic
lipid metabolism, since the absence of SPAK activity pre-
vented hepatic steatosis during a HFD, whereas in the wild-
type mice there was an accumulation of hepatic lipids.
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Fig. 1. High-fat diet-induced obesity is attenuated in STE20/SPS1-related proline-alanine-rich protein kinase knockin (SPAK-KI) mice. A: Abody weight of mice
fed for 17 wk a control diet (12% kcal/fat) or a high-fat diet (HFD; 45% kcal/fat). Arrows indicate when mice were subjected to intraperitoneal glucose tolerance
test (IPGTT), insulin tolerance test (ITT), magnetic resonance (MRI), and indirect calorimetry using a Comprehensive Laboratory Animal Monitoring System
(CLAMS). B: body weight at the end of the study. C and D: mean food intake in g/day (C) and in kcal/day (D) throughout the study period. E-G: body
composition analysis: fat mass (E), lean mass (F), and total water (G) in SPAK-KI mice (black bars) and their wild-type littermates (open bars) after 14 wk of
being fed a control diet or a HFD (as stated). %BW, %body weight. The results are presented as means * SE. Weight gain over time was analyzed using 2-way
ANOVA for repeated measures followed by Bonferroni correction. Genotype and diet interactions were analyzed using a 2-way parametric analysis of variance
(ANOVA), followed by a Bonferroni multiple comparison post hoc test. Different letters denote significant difference between groups (P < 0.05), where a >
b > ¢; n = 8-10 mice for each group.
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SPAK-KI mice on a HFD increased energy expenditure and
UCPI content in BAT. To evaluate whether the lower body fat
and hepatic lipid content in SPAK-KI mice on a HFD was
associated with increased energy expenditure, we determined
O, consumption by indirect calorimetry during week 15 of
dietary treatment. Average O, consumption was lower in
wild-type mice fed a HFD diet compared with wild-type and
SPAK-KI mice fed a control diet during the feeding period
(night) (Fig. 3A). In SPAK-KI mice fed a HFD, average O,
consumption during the feeding period was significantly higher
compared with their wild-type littermates (Fig. 3B). To discard
that the difference in O, consumption was due to total body
weight differences, we also calculated Vo, consumption per
kilogram of lean mass. After adjusting for this, O, consump-
tion per kilogram of lean mass was still significantly higher in
SPAK-KI mice with respect to wild-type mice fed a HFD (Fig.
3C). Our data showed that wild-type and SPAK-KI mice on a
control diet had a similar respiratory exchange ratio (RER) of

0.98 during the feeding period, indicating that both groups
relied almost exclusively on glucose oxidation (Fig. 3, D and
E). In contrast, mice fed the HFD had greater fatty acid
oxidation than mice fed the control diet; however, SPAK-KI
mice were oxidizing more fat. In fact, according to the table of
Lusk (28), SPAK-KI mice were oxidizing 68.3% of lipids,
whereas wild-type mice were oxidizing 51.2% of lipids, as
indicated by the RER of 0.84 and 0.80, respectively (P < 0.05)
(Fig. 3E). Heat production during the feeding period was
significantly higher in SPAK-KI mice fed a HFD compared
with their wild-type littermates, indicating greater energy ex-
penditure (Fig. 3F).

To determine whether the augmented energy expenditure
and heat production in SPAK-KI mice fed a HFD was associ-
ated with brown adipose tissue (BAT) thermogenesis, we
evaluated BAT morphology and UCPI expression. Brown
adipose tissue from wild-type and SPAK-KI mice on a control
diet was composed of UCP1-positive multilocular adipocytes

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00108.2017 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo (065.021.193.086) on March 5, 2022.



E58

== Wild-type Control P value
=8- SPAK-KI Control Genotype  0.104
A == Wid-ype HFD Diet 0.0001 B
—m- SPAK-KI HFD ) .
5000 Interaction  0.016
c
K]
- —
S T S
£ o<
ED £ <
o X g2
2 = x
G E T
g E ' E
o=
o e
1000+
Day Night
L] L] L] L] L] L] L] L] L] L] 1
16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 24:00 01:00 02:00 03:00
Time (h)
=A= Wild-type Control P value
D =8- SPAK-KI Control Genotype 0.031 E
=+ Wild-type HFD Diet 0.045
1.2+ % SPAKKIHFD Interaction 0.653
14
w
4

Day
L 1 1 L] L] L] L] L] L] L] L]

1
16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 24:00 01:00 02:00 03:00
Time (h)

Night

SPAK KINASE IN OBESITY

Genotype  Diet Interaction Genotype  Diet Interaction
Pvalue <0.0001 <0.0001 <0.0001 Biudiie:  <D00DT  <0/6001 :<0.006i
5000 = 6000:

é a,b a b a
4000 Y a
a & 4000
3000 5 £
3 &
2000 %9
= 2000:
Qo
1000 > x
i £ o
WT K WT K WT K WT K
Control HFD Control HFD
Genotype Diet Interaction Genotype Diet Interaction
Pvalue 0012  <0.0001  0.0037 Pvalue 00093 <0.0001  0.0001
25
[
S 2
S<
3D 15
o=
a8 10
w®E
Q 5
I
o
WT K WT K WT K WT K
Control HFD Control HFD

Fig. 3. SPAK-KI mice exhibit higher energy expenditure than wild-type mice when fed a HFD. O consumption over a 13-h period (A), Vo, average normalized

to total body weight (B), Vo, average normalized to lean mass (C), respiratory

exchange ratio (RER) over a 13-h period (D), respiratory exchange ratio (RER)

average during the night period (E), and heat production of SPAK-KI mice (black bars) and their wild-type littermates (open bars) after 15 wk of being fed a
control diet or HFD (F). The results are presented as means = SE. Oxygen consumption and RER over time were analyzed using 2-way ANOVA for repeated
measures, followed by Bonferroni correction. Genotype and diet interactions were analyzed using a 2-way parametric analysis of variance (ANOVA), followed
by a Bonferroni multiple comparison post hoc test. Different letters denote significant difference between groups (P < 0.05), where a > b > ¢; n = 8—10 mice

for each group.

(Fig. 4, A and B). In contrast, wild-type mice on a HFD
developed hypertrophic brown adipocytes with enlarged lipid
droplets, a process observed during obesity referred to as
“whitening” (18). Interestingly, BAT morphology of SPAK-KI
mice fed a HFD resembles that observed in mice fed the
control diet, indicating better lipid utilization (Fig. 4A). Fur-
thermore, as shown in Fig. 4, A, B, and E, the UCP1 protein
content measured by both immunefluorescence and Western
blot was significantly augmented in BAT of SPAK-KI mice on
a HFD compared with the rest of the groups. In addition, the
UCP1I mRNA content was also higher in SPAK-KI mice
compared with wild-type mice, along with increased PPAR<y
coactivator-la (PGCla) mRNA content (Fig. 4, C and D).
Western blot analysis also revealed that SPAK-KI mice fed a
HFD had a significant higher amount compared with the
wild-type mice. However, this difference was less evident in
mice of both genotypes fed the control diet. The difference
between UCP1 mRNA and protein content observed in
wild-type mice fed a HFD can be due to increased protein

stability, as was previously demonstrated by Chouchani et
al. (10). These findings strongly suggest that the lower
weight gain in the SPAK-KI mice compared with wild-type
mice in response to a HFD was in part due to increased
thermogenesis in BAT.

Inactivation of SPAK increased mitochondrial activity in
skeletal muscle and prevented white adipocyte hypertrophy in
mice fed a HFD. Alterations in energy balance during obesity
are associated with decreased mitochondrial oxidative capacity
in skeletal muscle, leading to impaired substrate oxidation and
intramyocellular lipid accumulation (33). Thus, we determined
the succinate dehydrogenase (SDH) activity and lipid content
(ORO) in the gastrocnemius muscle. As expected, wild-type
mice fed a HFD had lower SDH activity and increased ORO
staining in muscle fibers compared with those fed a control diet
(Fig. 5, A-C). Surprisingly, SDH activity and ORO staining in
SPAK-KI mice fed a HFD were similar to those of groups fed
a control diet. These results indicate that SPAK-KI mice
challenged with a HFD increased oxygen consumption in part
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Genotype and diet interactions were analyzed using a 2-way parametric analysis
test. Different letters denote significant difference between groups (P < 0.05),

by enhancing mitochondrial activity and fatty acid oxidation in
skeletal muscle.

The main source of circulating free fatty acids (FFA) during
obesity is dysregulated lipolysis in WAT, which occurs in
parallel with adipocyte hypertrophy (12, 34). White adipocytes
from wild-type and SPAK-KI mice fed a control diet were
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of variance (ANOVA), followed by a Bonferroni multiple comparison post hoc
where a > b > ¢; n = 8-10 mice for each group.

similar in size (Fig. 5, A and D). As expected, adipocytes from
wild-type mice on a HFD were significantly larger than those
in the control group, indicating adipocyte hypertrophy. As
shown in Fig. 5D, the average adipocyte size of SPAK-KI mice
fed a HFD was smaller than that of wild-type mice on the same
diet. In accord with the histological findings, plasma FFA were
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Fig. 5. SPAK kinase inactivation increases skeletal muscle mitochondrial activity and prevents white adipose tissue (WAT) hypertrophy in mice fed a HFD. A:
succinate dehydrogenase (SDH) activity and Oil red O (ORO) staining in skeletal muscle and H & E staining of white adipose tissue (WAT). B and C: SDH
(B) and ORO staining (C) quantitative densitometry. D and E: WAT average adipocyte area (D) and plasma free fatty acids (E) of SPAK-KI mice (black bars)
and their wild-type littermates (open bars) after 17 wk of being fed a control diet or HFD. F: SPAK protein content in skeletal muscle and WAT of wild-type
mice fed a control diet or HFD. Representative blots are shown. The bar graphs represent the mean * SE of quantitative densitometry from 3 independent
experiments. The results are presented as means = SE. Genotype and diet interactions were analyzed using a 2-way parametric analysis of variance (ANOVA),
followed by a Bonferroni multiple comparison post hoc test. Immunoblot densitometry data analysis was performed using an unpaired Student’s #-test. Different
letters denote significant difference between groups (P < 0.05), where a > b > ¢; n = 8-10 mice for each group.

higher in wild-type mice fed a HFD compared with those fed HOMA-IR compared with wild-type mice. It is worth noticing
a control diet (Fig. 5E). Interestingly, circulating FFA in that even in a control diet, the mean islet area of SPAK-KI
SPAK-KI mice on a HFD were similar to that of both groups mice is significantly lower than that observed in wild-type mice
fed the control diet. These results indicate that the absence of  (Fig. 6B).
SPAK activity prevents adipocyte hypertrophy on a HFD. SPAK inactivity improved glucose tolerance associated with
Consistent with a potential role of SPAK in skeletal muscle [lower insulin levels during IPGTT. To assess the effect of a
and in WAT, we observed that these tissues exhibit SPAK  HFD on glucose metabolism in SPAK-KI mice, we performed
expression, although no changes were observed during HFD  an intraperitoneal glucose tolerance test (IPGTT) at week 12 of
(Fig. 5F). dietary treatment (Fig. 7A) During the IPGTT, mice fed a HFD
SPAK inactivity prevented pancreatic islet hypertrophy in  showed a reduction in glucose tolerance, as indicated by an
mice fed a HFD. Chronic elevated fat intake is directly asso- increased area under the curve (Fig. 7B). Interestingly,
ciated with insulin resistance and hyperinsulinemia (30, 45). SPAK-KI mice showed an improved glucose tolerance in both
The increased insulin requirement during insulin resistance to  control and HFD when compared with their wild-type lit-
maintain euglycemia causes islet hypertrophy (35). Accord- termates, as indicated by a lower area under the curve than
ingly, wild-type mice fed a HFD exhibited marked hypertrophy their wild-type littermates (Fig. 7, A and B). The improved
of the pancreatic islets associated with hyperinsulinemia and glucose tolerance could be associated with an improvement
elevated HOMA-IR index (Fig. 6, A-D). Interestingly, in insulin sensitivity in SPAK-KI mice. In fact, the plasma
SPAK-KI mice fed a HFD presented a significant reduction in  insulin concentration during the IPGTT was lower in
islet area along with reduced plasma insulin concentration and SPAK-KI mice fed a control diet than in wild-type mice
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Fig. 6. Pancreatic islet area and homeostasis model index of insulin resistance (HOMA-IR) are reduced in SPAK-KI mice fed a HFD. Chromogranin A (CgA)
immunohistochemistry in pancreas sections (A), morphometric analysis of islet areas (B), serum insulin concentration (C), and HOMA-IR of SPAK-KI mice
(black bars) and their wild-type (WT) littermates (open bars) (D) after 17 wk of being fed a control diet or HFD. The results are presented as means * SE.
Genotype and diet interactions were analyzed using a 2-way parametric analysis of variance (ANOVA), followed by a Bonferroni multiple comparison post hoc
test. Different letters denote significant difference between groups (P < 0.05), where a > b > ¢; n = 8-10 mice for each group.

(Fig. 7C), suggesting an improvement of insulin sensitivity
by SPAK inactivation.

We also evaluated the expression and phosphorylation of
SPAK kinase on pancreatic 3-cells. To this end, the insulin-
secreting cell line INSIE was incubated in control and in
hypotonic low-chloride buffer (HLC), a known stimulator of
SPAK activity, or in high-glucose Krebs-Ringer (HG) buffer.
We observed that the INSE1 cells express SPAK, and its
phosphorylation in Thr**® increased with the hypotonic low-
chloride buffer and the HG buffers (Fig. 7D). These results
suggest that SPAK may modulate plasmatic insulin levels, on
the one hand, through a possible effect on insulin secretion by
B-cells and, on the other hand, by an improvement of whole
body insulin sensitivity.

Therefore, we performed an insulin tolerance test (ITT) to
evaluate whole body insulin sensitivity in wild-type and
SPAK-KI mice. As depicted in Fig. 8A, wild-type mice fed a
HFD presented a significantly blunted response to a single
intraperitoneal injection of 0.5 U/kg insulin, with no decrease
in blood glucose throughout the test. Interestingly, circulating
glucose in SPAK-KI mice fed a HFD exhibited a significant
reduction after 30 min of insulin administration, as observed in
mice fed a control diet, which returned to basal concentrations
120 min postinjection. This result suggests that SPAK-KI mice
have improved insulin sensitivity. Furthermore, we obtained
liver and gastrocnemius muscle from mice in control diet after
a 20-min injection of insulin to evaluate the phosphorylation of
Akt. Interestingly, SPAK KI mice had higher levels of phos-
phorylated Akt in both liver and muscle, confirming improved
intracellular insulin signaling (Fig. 8B).

DISCUSSION

This study provides evidence that SPAK inactivation re-
duces weight gain and adiposity in mice fed a HFD compared
with wild-type mice despite similar food intake. The reduction
in adipose tissue mass was associated with improved skeletal
muscle mitochondrial content and increased UCP1-mediated
thermogenesis in BAT, leading to increased whole body oxy-
gen consumption and heat production. In addition, the
SPAK-KI mice had better insulin sensitivity and reduced
pancreatic islet area, which helped to reduce the effect of HFD
on hyperglycemia and hepatic lipid production.

Diet-induced obesity produces profound derangements in
energy metabolism (19). As expected, wild-type mice fed a
HFD developed fatty liver and BAT hypertrophy and lower
energy expenditure associated with higher circulating levels of
cholesterol, TG, glucose intolerance, higher basal insulin lev-
els, insulin resistance, and hypertrophy of pancreatic islets.
Notably, all of these parameters were attenuated in the
SPAK-KI mice. The fact that the increase in many of the
metabolic parameters associated with obesity was significantly
lower in SPAK-KI mice than their wild-type littermates under
the same diet along the weeks is likely due to lower adiposity.
Indeed, because circulating leptin levels are directly associated
with the adipose tissue mass (14), the decrease in serum leptin
observed in SPAK-KI mice is a clear indicator of the lower
increase in body fat according to the assessment of magnetic
resonance compared with wild-type mice fed a high-fat diet,
explaining the reduced body weight gain in SPAK-KI mice.

Our data support that the improved energy metabolism of
SPAK-KI mice involves at least two different mechanisms
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(Fig. 9). One is only apparent when mice are fed a HFD and the
other is present even when mice are fed a control diet. In the
first mechanism, during HFD the SPAK-KI mice exhibited
higher energy expenditure evaluated by higher O, consumption
that was associated with increased UCP1 expression in BAT
and higher mitochondrial content in skeletal muscle. These
parameters are not different between wild-type and SPAK-KI
mice fed control diet. Thus, SPAK-KI mice maintain increased
energy expenditure when fed a HFD, and as consequence, the
SPAK-KI mice have reduced adiposity that leads to a lessening
of obesity by ~15% during chronic HFD. Interestingly, the
increase in energy expenditure caused by the lack of SPAK
activity is only apparent when mice are challenged with a
HFD. This situation resembles human conditions in which,
beyond genetic susceptibility, exposure to the appropriate envi-
ronment is required for the phenotype to become evident (22).
The second mechanism, however, is apparent even when
mice are fed a control diet. During the IPGTT, we observed
that SPAK-KI mice fed a control diet exhibited a better glucose
tolerance than wild-type mice when both were fed the control
diet. The better glucose tolerance was accompanied by a
significantly lower insulin levels during IPGTT as well as with
significantly lower pancreatic islets area and higher muscle and

Glucose

liver Akt phosphorylation 20 min after insulin injection. Alto-
gether, these results suggest that SPAK-KI mice exhibit higher
insulin sensibility. Moreover, SPAK-KI mice fed a HFD had
lower insulin levels without hyperglycemia or hepatic steatosis
than their wild-type littermates, indicating that SPAK inacti-
vation confers a metabolic advantage, even during chronic
hypercaloric feeding. It is known that higher insulin levels are
associated with an increase in hepatic lipogenesis and adipose
tissue accretion (42). An increased hepatic lipogenesis leads to
an abnormal lipid deposition in skeletal muscle and to further
insulin resistance (45). As a compensatory mechanism, pan-
creatic B-cells increase in size and insulin release to main-
tain euglycemia, exacerbating metabolic alterations (46). In
this regard, when they were exposed to a HFD, the differ-
ence in insulin sensibility became more apparent (Fig. 7A).
Furthermore, SPAK-KI mice under HFD were protected
against islet hypertrophy, as observed in wild-type mice.
These observations suggest that the resistance of SPAK-KI
mice to diet-induced obesity was also related to a reduction
in circulating insulin coupled with enhanced glucose toler-
ance (Fig. 9).

SPAK is a kinase that has been studied extensively over the
last 10 years due to its involvement in blood pressure regula-
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tion (1), as it is the intermediate kinase between the WNKs and
the activity of the renal Na®-Cl~ cotransporter (NCC) in the
kidneys (47). Our data reveal a previously unrecognized role
for SPAK in energy balance regulation and glucose homeosta-
sis. In agreement with this, Takahashi et al. (43) recently
observed that WNK4 is increased during adipogenesis and that
WNK4~/~ mice are also partially resistant to a high-fat-
induced obesity.

E63

SPAK phosphorylates and activates the Na*-driven chloride
influx (NKCC1 and NKCC2) and inhibits the function of the
K™ -driven chloride efflux (KCC1-KCC4), members of the
SLCI12 family of solute carriers in the kidney and the central
nervous system. Because the coupled activity of these branches
of SLCI12 transporters is to modulate the [Cl™];, thus, SPAK
activity is associated with an increase of [Cl™ ];, whereas SPAK
inactivation is associated with decreased [CI™]; (1, 20). The
role of [CI]; in many aspects of intermediate metabolism and
thermogenesis has not been explored but is probably involved
in several tissues since SPAK is expressed in liver, skeletal
muscle, and adipose tissue, in an insulin secreting cell line
(Figs. 2G, 5F, and 7E), and in many regions of the central
nervous system (la). There are at least two potential tissues
where SPAK modulation of [Cl]; could be of importance for
intermediate metabolism and thermogenesis and that could fit
with the phenotype observed in this study. One is at the
hypothalamus, and the other is the pancreatic {3 cells.

It is known that the hypothalamus modulates the energy
expenditure and thermogenesis in relation to the food intake.
Stimulation of the arcuate nucleus (ARH) by several hor-
mones, like leptin, induces signals that synapse in the paraven-
tricular nucleus (PVN) via GABAergic neurons that inhibits
the activity of this nucleus upon the solitary tract nucleus
(NTS), which then activates the thermogenesis and energy
expenditure in the BAT (52). Kong et al. (24) developed mice
lacking GABA secretion in RIP-Cre neurons of the ARH, and
the resultant phenotype, when fed a HFD, is a mirror image of
our SPAK-KI fed a HFD. These mice exhibit an obesity-prone
phenotype on a HFD, although their food intake was similar to
their wild-type littermates. An increased body weight with
augmented fat mass was observed in association with de-
creased oxygen consumption, UCP1 expression, and BAT
activity, with clear BAT transformation into WAT. Given that
an absence of GABA secretion from the ARH to the PVN
results in an obesity-prone model, due to decreased energy
expenditure and thermogenesis (8, 24), it is possible that an
exaggerated response to GABA in the PVN results in the
opposite phenotype. Given that GABA induces the opening of
chloride channels, the effect of this neurotransmitter has an
inhibitory effect in adult neurons because the [Cl]; is below
its equilibrium potential due to low expression/activity of
NKCCI1 and high expression/activity of the K-Cl cotransporter
KCC2 (5, 13, 30, 41). The lower the [Cl™];, the deepest the
GABA-induced hyperpolarization. The absence of SPAK ac-
tivity results in decreased phosphorylation of the SLC12 mem-
bers (37), a condition that promotes Cl~ efflux and thus a

Thermogenesis in BATand
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Fig. 9. Metabolic features of SPAK-KI mice associated with protection from
HFD-induced obesity. Inactivation of SPAK kinase increases energy expen-
diture in mice fed a HFD by augmented thermogenesis in brown adipose tissue
(BAT) and mitochondrial activity in skeletal muscle. SPAK-KI mice also
display increased whole body glucose tolerance associated with increased
skeletal muscle and hepatic insulin sensitivity, preventing hyperinsulinemia
and hyperglycemia when fed a HFD. All these metabolic features lead to a
reduction in hepatic steatosis and fat mass, preventing excessive weight gain
even when fed an energy-dense diet.
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decrease in [Cl™];. It is thus possible that neurons in the PVH
of SPAK-KI mice could exhibit upregulation of KCC?2 activity,
leading to a decrease in [Cl ™ ]; and consequently increasing the
magnitude of the inhibitory response to GABA. However,
further studies will be required to define the [Cl ]; and the
effect of GABA in PVH neurons of SPAK-KI mice and its
consequences in thermogenesis and whole body energy expen-
diture.

Several studies have suggested that [Cl ]; in pancreatic
B-cells could be of importance for insulin secretion either
because depolarization of the (-cells is required to trigger
insulin secretion (2, 3, 7) or because the necessary acidification
of the insulin-containing vesicles requires also movement of
C1™ into these vesicles (11, 27). However, the role of [C]1™]; in
insulin secretion by (3-cells has not been completely elucidated.
It has been suggested that depolarization of -cells requires
that [Cl ]; is above its equilibrium potential (7), suggesting
that a high activity of NKCCl1 is required. In fact, in the
NKCCI1-null mouse insulin secretion is sustained due to an
unexpected compensatory NKCC2 expression usually not pres-
ent in B-cells (3), suggesting that the regulation of [Cl™];, and
thus insulin secretion in [-cells, is a complex process that
involves several transporters. This is further supported by the
recent observation that B-cells also express the Cl~ extruder
KCC2, and pharmacological inhibition of this transporter in-
creases insulin secretion (25). Our SPAK-KI mice would be
expected to have a chronic inhibition of NKCCI1 and activation
of KCC2, potentially decreasing insulin secretion. The obser-
vation that high glucose stimulation of INSI1E cells increases
SPAK phosphorylation supports the proposal that glucose
promotes Cl~ efflux from the cells, which in turns triggers
SPAK activation. Thus, the role of [Cl ]; and SPAK activity
for insulin secretion in (-cells is an interesting subject for
further investigation. In addition of these two potential mech-
anisms by which SPAK can modulate energy balance and
insulin secretion, our study suggests that SPAK might be
involved in the metabolic response for use of different energy
substrates in other tissues.

Conclusions. Our work indicates that in addition to its
well-known role in blood pressure regulation, abrogating
SPAK activity generates an elevated energy expenditure and
insulin sensitivity phenotype, preventing the increase in adi-
posity and body weight induced by a high-fat diet. Thus, the
pharmacological inhibition of SPAK activity could emerge as
a potential strategy to treat obesity and prevent the metabolic
derangements associated with weight gain.
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